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The atomic-resolution structure of a novel bacterial esterase
Philip C Bourne, Michail N Isupov and Jennifer A Littlechild*
Background: A novel bacterial esterase that cleaves esters on halogenated
cyclic compounds has been isolated from an Alcaligenes species. This esterase
713 is encoded by a 1062 base pair gene. The presence of a leader sequence
of 27 amino acids suggests that this enzyme is exported from the cytosol.
Esterase 713 has been over-expressed in Agrobacterium without this leader
sequence. Its amino acid sequence shows no significant homology to any
known protein sequence.
Results: The crystal structure of esterase 713 has been determined by multiple
isomorphous replacement and refined to 1.1 Å resolution. The subunits of this
dimeric enzyme comprise a single domain with an α/β hydrolase fold. The
catalytic triad has been identified as Ser206-His298-Glu230. The acidic
residue of the catalytic triad (Glu230) is located on the β6 strand of the
α/β hydrolase fold, whereas most other α/β hydrolase enzymes have the acidic
residue located on the β7 strand. The oxyanion hole is formed by the mainchain
nitrogens of Cys71 and Gln207 as identified by the binding of a substrate
analogue, (S)-7-iodo-2,3,4,5-tetrahydro-4-methyl-3-oxo-1H-1,4-benzodiazepine-
2-acetic acid. Cys71 forms a disulphide bond with the neighbouring Cys72. 
Conclusions: Despite negligible sequence homology, esterase 713 has
structural similarities to a number of other esterases and lipases. Residues of
the oxyanion hole were confirmed by structural comparison with Rhizomucor
miehei lipase. It is proposed that completion of a functional active site requires
the formation of the disulphide bond between adjacent residues Cys71 and
Cys72 on export of the esterase into the oxidising environment of the
periplasmic space.
Introduction
Hydrolases are a large family of enzymes that are responsi-
ble for the degradation of amide and ester type bonds in a
wide range of substrate molecules. These enzymes can
utilise a variety of natural and unnatural substrates and
this has led to their use as stereo-selective catalysts in the
synthesis of optically pure molecules for the pharmaceuti-
cal and agrochemical industries.
Esterases are members of the hydrolase family and are
ubiquitous enzymes having been identified in eukaryotes,
eubacteria and archaeal species. Structural studies of
hydrolase enzymes have shown many to have a conserved
tertiary structure known as the α/β hydrolase fold [1].
These enzymes are found as either monomers or
oligomers with subunit molecular weights varying
between 25 and 60 kDa [2]. They possess low sequence
homology, but most have been found to have a conserved
pentapeptide (Gly-X1-Ser-X2-Gly) sequence around the
catalytic serine residue [3]. The other members of the cat-
alytic triad are histidine and either glutamic acid or aspar-
tic acid; however, the crystal structure of an esterase from
Streptomyces scabies [4] revealed the first example of a
hydrolytic enzyme containing a Ser-His dyad with the
acidic residue being replaced by a neutral hydrogen-bond
acceptor (a mainchain oxygen atom). There are no other
conserved residues within the α/β hydrolase family of
enzymes. The proposed mechanism of catalysis for
esterases is similar to the serine protease mechanism first
described by Blow et al. in 1969 [5] involving nucleophilic
attack by the catalytic serine hydroxyl on the carbonyl
carbon of the scissile bond. The nucleophilicity of this
hydroxyl group is increased and the reaction is stabilised
through hydrogen bonding to the imidazole group of the
catalytic histidine which in turn is stabilised by the car-
boxyl group of the acidic member of the catalytic triad.
A novel bacterium was isolated from a soil sample and
showed similarity to Alcaligenes species, identifying it as a
member of the β subclass of the Proteobacteria. An esterase
was cloned from this strain and the gene was then
sequenced. The amino acid sequence deduced from the
nucleotide sequence of the gene (1062 base pairs [bp])
corresponded to a protein of 354 amino acid residues with
a molecular weight of 35,528 Da. The esterase minus the
leader sequence was over-expressed in Agrobacterium at
high levels [6]. Gel filtration studies of the purified
protein showed that the recombinant enzyme is active as a
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dimer. The esterase shows no significant sequence homol-
ogy with any other known proteins. It does not contain the
lipase/esterase consensus Gly-X1-Ser-X2-Gly motif or the
variation of this found by Lawson et al. [7]. Preliminary
kinetic data suggest that esterase 713 is not inhibited by
some of the conventional inhibitors of serine proteases.
The enzyme is exported from the cytosol to the periplas-
mic space [6]. The natural substrate is unknown; however,
the esterase catalyses the hydrolysis of esters on a number
of halogenated ring structures. Here we describe the struc-
ture of the enzyme refined at high resolution and a struc-
ture of a complex of esterase 713 with a substrate analogue
(S)-7-iodo-2,3,4,5-tetrahydro-4-methyl-3-oxo-1H-1,4-ben-
zodiazepine-2-acetic acid (IBA).
Results and discussion
Quality of the model
The model of esterase 713 has been refined to an R factor
of 14.3% for all data without σ cut off in the resolution
range 30–1.1 Å, excluding 5% randomly distributed reflec-
tions assigned to calculate Rfree 15.8% (Table 1). The asym-
metric unit contains an esterase 713 dimer (each subunit
contains 327 residues). It is therefore one of the largest
protein structures solved to atomic resolution. It was not
possible to unambiguously trace the chain for the first five
residues at the N-terminal end or the last four residues at
the C terminus in either of the two subunits. The model
also contains three sulphate molecules and 722 water mol-
ecules with B factors in the range 11–64 Å2. The dispersion
precision indicator [8] gives an overall estimate of root mean
square (rms) error in coordinates of 0.03 Å for the well
defined parts of the structure. The most favoured regions of
the Ramachandran plot, as defined by PROCHECK [9],
contain 93.3% of the non-glycine residues. Pro152 and
Pro183 in each subunit are in the cis conformation. Approxi-
mately 19% of the amino acids are in β sheets and 33% in
helices, 25% of which are α-helical. The catalytic serine
residues in each subunit have unfavourable mainchain
torsion angles (φ = 55, ψ = –114). This has also been
observed in several other hydrolase enzymes [1,10,11].
Leu67 in both subunits and Leu93, Asp132 and Ser287 in
subunit B were modelled with alternative sidechain confor-
mations. The two subunits were refined without noncrys-
tallographic symmetry (NCS) restraints.
Monomer structure
The 327 amino acid polypeptide chain is folded into 
a single α/β domain of dimensions 62 × 56 × 44 Å
(Figure 1). This domain comprises a central predomi-
nantly parallel eight-stranded β sheet twisted by 90°, with
eight α helices and nine 310 helices distributed on each
side of the sheet. The central β sheet has strand topology
1, 2, –1×, 2×, 1×, 1×, 1× and direction +–++++++ [12].
The β hairpin composed of strands βI and βJ projects
away from the central core of the monomer towards the
active-site region in the opposing subunit of the dimer.
The region between βD and α3 (residues 104−139), which
contains helix α2, also projects from the monomer and lies
close to the small β sheet. The conformation of this loop
differs between the two esterase subunits with a devia-
tion of the Cα positions of up to 1.6 Å. There are no other
significant differences between the subunits in the dimer.
Dimer structure
The esterase dimer (Figure 2) shows twofold symmetry,
with overall dimensions of 82 × 56 × 44 Å. The Cα posi-
tions of the two subunits can be superimposed with a rms
deviation of 0.35 Å. This difference is mainly due to a
slight variation in the position of surface loops. The inter-
face between the esterase monomers is mainly along the
molecular dyad axis that relates the two subunits to each
other. The interface comprises 21% (2932 Å2) of the total
surface area of each of the subunits (13,850 Å2). The inter-
actions are mainly hydrophobic in nature; however, there
are five intersubunit ion-pairs. These are located mainly
on the axis relating the subunits. The salt bridge from
ArgA109 to GluB79 and AspB103 involves the interaction
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Table 1
Summary of data collection and model refinement statistics.
Native model IBA complex
Resolution range (Å) 30.0–1.10 30.0–2.03 
(1.16–1.10)* (2.10–2.03)
Completeness (%) 99.4 (98.2) 99.9 (100)
Rsym† 0.09 (0.36) 0.07 (0.20)
<I>/<σI> 14.5 (2.30) 14.6 (5.8)
Redundancy 3.8 (3.6) 4.3 (3.8)
Unique reflections 274,290 57,378
Final Rcryst‡ (%) 14.29 19.4
Rfree (5% total data) (%) 15.80 24.3
No. protein residues 636 636
Average B factor (protein: Å2) 19.0 29.4
No. water molecules 722 500
Average B factor (waters: Å2) 37.0 42.8
Rms deviations from ideality§
Bonds (Å) 0.009 (0.02) 0.012 (0.02)
Angles (°) 0.026 (0.04) 0.033 (0.04)
1–4 neighbours 0.032 (0.05) 0.065 (0.05)
Planar groups 0.024 (0.020) 0.025 (0.025)
Torsion angles (°)
Planar 5.6 (7.0) 9.2 (7.0)
Staggered 12.7 (15.0) 14.2 (15.0)
Orthonormal 38.1 (20.0) 36.1 (20.0)
B factors correlation (Å2)
Mainchain bonds 1.6 (2.0) 3.4 (4.0)
Mainchain angles 2.3 (3.0) 4.5 (6.0)
Sidechain bonds 2.3 (2.0) 6.0 (8.0)
Sidechain angles 3.2 (3.0) 7.0 (10.0)
*Values in parentheses are given for the outer resolution shell.
†Rsym = ΣhΣJ<Ih>–IJ(h)/ΣhΣJI(h), where I(h) is the intensity of
reflection h. Σh is the sum over all reflections and ΣJ is the sum over J
measurements of the reflection. ‡Rcryst = ΣFo–Fc/ΣFo.
§Target values are given in parentheses.
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of the loop following βD in one subunit with the C-termi-
nal end of strand βD and the C-terminal end of helix α1 in
the adjacent subunit. There is also a salt bridge between
residues HisA138 on helix α3 and AspA27 on the β hairpin.
The loop connecting strands βI and βJ is located close to
the active site of the opposing subunit and is thought to be
involved in substrate recognition and binding.
The active site
The proposed mechanism of catalysis for esterase 713
involves a catalytic triad of residues similar to that found
in many other α/β hydrolase enzymes [1]. The nucle-
ophilic serine residue has been identified as Ser206 and is
the central residue of an extremely sharp turn. This
‘nucleophilic elbow’ is located after the carboxyl end of
the fifth strand of the central β sheet. Esterase 713 does
not contain the Gly-X1-Ser-X2-Gly consensus sequence
around the nucleophilic residue common to many hydro-
lase enzymes [3,13]. Instead, both glycine positions are
occupied by serine residues. The other two residues of the
catalytic triad have been identified as His298 and Glu230
(Figure 3). Most α/β hydrolase enzymes studied to date
have an aspartate as the catalytic acidic residue [2].
Although the carboxyl group of Glu230 is in the same
position as that of the acidic residue in the other catalytic
triads, it is located on a different part of the structure. The
acidic residue is normally located at the end of the seventh
strand of the β sheet. In esterase 713, it is located at the
end of the sixth strand (Figure 3). The catalytic aspartate
residue in human pancreatic lipase [14] is also located in
this position. This lipase, however, contains another aspar-
tate residue that corresponds structurally to the catalytic
acidic residue in most other enzymes of this class. It has
been postulated by Dodson and Lawson [15] that this
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Figure 1
Folding of an esterase monomer. (a) Stereoview of the Cα trace of esterase 713 with every tenth residue numbered. (b) Ribbon diagram of the
esterase 713 monomer in the same orientation as in (a) with the secondary structural elements labelled sequentially, α1–α8 and βA–βJ. This figure
was produced with the program MOLSCRIPT [39].
Figure 2
The esterase dimer viewed normal to the molecular twofold axis.
Subunit A is shown in red and subunit B in green. The active-site triad
residues are shown as a ball-and-stick model: Ser206 (blue), His298
(magenta) and Glu230 (yellow). This figure was generated with the
program MOLSCRIPT [39].
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aspartate residue was the catalytic carboxyl in an ancestral
form of the enzyme. There is no corresponding acidic
residue at the end of the seventh strand in esterase 713.
Disulphide bonds
All four of the cysteine residues in each subunit are incor-
porated into intrasubunit disulphide bonds. The disul-
phide bridge formed between Cys234 and Cys269 is
involved in stabilising the conformation of the loop follow-
ing strand βF of the β sheet. The stability of this loop is
important, as its N-terminal end contains the acidic
residue of the catalytic triad, Glu230.
The second disulphide bridge is formed between Cys71
and Cys72, creating an unusual ring structure (Figure 4).
The formation of a disulphide bridge between cysteine
residues that are adjacent in the polypeptide chain has
been reported previously in only two structures. In both
cases the enzyme concerned was a methanol dehydroge-
nase [16,17]. The first occurrence was found in the struc-
ture of methanol dehydrogenase from Methylobacterium
extorquens [16]. It was first thought that this eight-mem-
bered ring structure must be in a cis conformation to
relieve the strain on the ring, because only the cis confor-
mation had been observed in Cys–Cys dipeptides with a
disulphide bridge [18,19]. However, the disulphide in
both esterase 713 and the M. extorquens enzyme has been
shown to be in the trans configuration. In the methanol
dehydrogenase the ring strain is taken up by a distortion
of 35° in the planarity of the peptide bond. Esterase 713
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Figure 3
Stereo diagram of the active site of esterase
713 showing the active-site triad Ser206,
His298 and Glu230. The distances (in Å)
between Ser206 Oγ and His298 Nε and
between His298 Nδ and Glu230 Oε are
shown. Secondary structure elements are
labelled as shown in Figure 1b. This figure
was produced using the program
MOLSCRIPT [39].
Figure 4
Stereo diagram of the disulphide ring
structure formed by residues Cys71 and
Cys72 with the 2Fo–Fc electron-density map
contoured at 1σ. This figure was generated
with the program BOBSCRIPT [39,40].
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shows a deviation from planarity of 19° in the peptide
bond between the cysteine residues. All other angles and
bonds within the ring structure are within accepted
values as confirmed by PROCHECK [9]. The other
example of disulphide formation between consecutive
cysteines was found in methanol dehydrogenase from
Methylophilus W3A1 [17]. The disulphide rings in both
esterase 713 and Methylophilus W3A1 methanol dehydro-
genase have the cysteine residues located at positions
(i+1) and (i+2) in a β turn. The Cα atoms of the four
residues involved in the β turn in esterase 713 super-
impose with those in the methanol dehydrogenase with
an rms deviation of 0.56 Å.
It has been proposed that the disulphide ring in
methanol dehydrogenase may be involved in substrate
stabilisation [16]. Esterase 713 is known to be exported
from the cytoplasm to the periplasmic space [6]. As this
environment is much more conducive to the formation of
stable disulphide bonds than the reducing environment
of the cytosol, the disulphide bond is likely to be formed
only when the enzyme is exported from the cytosol to the
periplasmic space. It is therefore possible that formation
of the disulphide bridge has a role in regulating esterase
activity. The mainchain nitrogen atom of Cys71 is impli-
cated in oxyanion hole formation. Disulphide bond for-
mation is probably necessary to position the residues in
their correct conformation for catalysis. The disulphide
ring confers additional structural stability to the residues
involved in this important β turn.
The esterase−IBA complex
The ligand IBA is the acid product of the enzyme hydrol-
ysis of the corresponding methyl ester. It has been noted
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Figure 5
Substrate analogue (IBA) bound to the active
site of esterase 713. (a) Stereo drawing of the
2Fo–Fc electron-density map contoured at 1σ
for the enzyme−IBA complex. (b) Stereo
drawing showing the interactions of IBA in the
active site of esterase 713 viewed from the
outside. The protein backbone is shown as a
ribbon. IBA is shown as a ball-and-stick model,
with carbon atoms coloured grey, nitrogen
atoms blue, oxygen atoms red and the iodine
atom pink. The hydrophobic sidechains of the
IBA-binding pocket are shown as red bonds,
the residues forming hydrogen bonds/salt
bridges as green bonds and the active-site
triad as blue bonds. Hydrogen bonds are
shown as dashed lines. The residue from the
adjacent subunit is marked by an asterisk. This
figure was generated with the program
BOBSCRIPT [39,40].
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that as the reaction proceeds the enzyme is inhibited by
the product (T. Walsgrove, personal communication).
The elucidation of the structure of the enzyme−acid
product complex has allowed an explanation for this
observed inhibition.
The ester substrate is hydrolysed by nucleophilic attack
on the carbonyl carbon of the ester group by the hydroxyl
group of Ser206. Hydrolysis is thought to proceed by the
mechanism described previously [5]. Stabilisation of the
tetrahedral intermediates is increased by an oxyanion hole
formed by the mainchain nitrogen atoms of Gln207 and
Cys71. Upon completion of the reaction, the whole acid
product (IBA) appears to rotate 180°. This rotation places
the tertiary amide group of the heterocyclic ring close to
the hydroxyl group of Ser206. In this position there are
several favourable interactions between the ligand and the
enzyme. The aromatic ring is held within a hydrophobic
pocket. The orientation of IBA within the active-site
binding pocket and interactions with the enzyme are
shown in Figure 5. These interactions produce a stable
protein−ligand complex that denies access to the active
site for further substrate molecules. The loop formed by
residues 31–42 is located close to the active site of the
other subunit in the dimer. In the enzyme−ligand struc-
ture the Cα positions of residues 36–39 have moved 3–4 Å
away from the active-site binding pocket. This movement
of the residues implies that the loop interacts with the
natural substrate and is involved in substrate recognition
or binding.
The structure of the enzyme−ligand complex supports the
suggestion that Ser206 is the catalytic nucleophile in a
Ser-His-Glu catalytic triad and shows that during catalysis
an oxyanion hole is formed by the mainchain nitrogen
atoms of Gln207 and Cys71.
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Figure 6
Stereo Cα backbones of esterase 713 (blue)
and TAChE (PDB code 2ACE; red)
superimposed using TOP [21]. The catalytic
triad in esterase 713 is shown in black and for
TAChE it is shown in green. This figure was
produced with the program MOLSCRIPT [39].
Figure 7
Stereo Cα backbones of esterase 713 (blue)
and RML (PDB code 4TGL; red)
superimposed using TOP [21]. The catalytic
triad in esterase 713 is shown in black and for
RML it is shown in green. This figure was
produced with the program MOLSCRIPT [39].
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Structural comparisons
A comparison of 32 esterases, lipases and related proteins
has revealed four conserved salt bridges and two conserved
disulphide bridges [20]. Esterase 713 has two disulphide
bridges and five salt bridges, none of which corresponds to
the bridges found to be conserved by Cygler et al. [20].
It has been noted that α/β hydrolase enzymes display a
variety of oligomeric states; the majority are monomeric
but dimers and tetramers have been described. Esterase
713 appears to be the first multimeric α/β hydrolase
enzyme in which a loop from one subunit (between
strands βI and βJ) might be involved in substrate recogni-
tion and binding in another subunit.
Esterase 713 has minimal sequence homology with any
other known protein; however, the core of the monomer is
structurally similar to a number of hydrolase enzymes from
both prokaryotic and eukaryotic sources. Despite the differ-
ences in primary sequence and size, there is significant
structural similarity between acetylcholinesterase from
Torpedo californica (TAChE) [11] and esterase 713. The
central eight strands of the 12-stranded β sheet of TAChE
show the topology associated with α/β hydrolase fold
enzymes: 1, 2, –1×, 2×, 1×, 1×, 1×. The catalytic serine and
histidine residues are located in the same positions as in
esterase 713, with the catalytic glutamic acid residue located
at the end of strand seven. A structural alignment of esterase
713 and TAChE using the program TOP [21] shows the
close structural similarity between the β sheets and three of
the α helices (Figure 6). The two structures superimpose
with an rms deviation of 2.15 Å between their Cα positions
over 170 residues. Only 10 of these residues (5.8%) are
structurally conserved between the two enzymes.
Rhizomucor miehei lipase (RML) [10] and esterase 713
show conservation in the arrangement of the central 
β sheet and catalytic residues. The two structures super-
impose with an rms deviation of 2.03 Å between their Cα
positions over 85 residues (Figure 7), eight of which
(9.4%) are conserved. The esterase 713, RML and
TAChE have only four structurally conserved residues —
Gly70, Ser206, Gly209 and His298 (using esterase 713
numbering). Ser206 and His298 are the catalytic triad
residues. Gly209 is located at a position n+3 from the cat-
alytic serine residue and appears to be important for main-
taining the conformation of the nucleophilic elbow. Gly70
is located at the C terminus of the third strand of the
α/β hydrolase fold (βC in esterase 713) and is positioned
just before Cys71, which is involved in formation of the
oxyanion hole and the substrate-binding site. Both Gly70
and Gly209 are highly conserved in a number of other
α/β hydrolase fold proteins [2,20]. This agrees with the
suggestion of Cygler et al. [20] that the most conserved
residues in α/β hydrolase fold enzymes are those of struc-
tural importance and not functional importance.
The main structural difference between esterase 713 and
RML is that the lipase displays ‘interfacial activation’. In
aqueous solution, a ‘lid’ region consisting of two loops
connected by a short helix covers the active site. Upon
contact with an oil−water interface, this lid undergoes a
conformational change exposing the active site. The
structure of RML with the substrate analogue diethyl
phosphate (DEP) bound into the active site [22] identi-
fies the oxyanion hole formed by the mainchain nitrogen
atom of Gly146 and the hydroxyl oxygen of Ser82. The
residues Gln207 and Cys71 occupy topologically equiva-
lent positions in esterase 713. This evidence further sup-
ports the proposal that Gln207 and Cys71 form an
oxyanion hole in esterase 713.
Biological implications
Esterases are members of a large family of hydrolase
enzymes that can degrade an ester bond in a wide range
of substrates. For this reason they are important biocat-
alysts for the synthesis of optically pure drug intermedi-
ates in the pharmaceutical industry. Esterase 713
shows negligible sequence homology to other esterase
and lipase enzymes. This enzyme has been found to
have the usual α/β hydrolase fold although it does not
contain the conserved Gly-X1-Ser-X2-Gly motif com-
monly found in the active site of other enzymes in this
class. It has two disulphide bridges, both distinct from
those found in other esterase enzymes. One disulphide
bridge is formed between adjacent cysteine amino acids.
This bridge appears to be necessary for the correct for-
mation of the oxyanion hole in the catalytic site of the
enzyme. In this way formation of the disulphide bond in
the periplasmic space is proposed to modulate enzy-
matic activity. Esterase 713 appears to have similarities
to esterase and lipase enzymes and resembles human
pancreatic lipase in its location of the acidic member of
the catalytic triad. The esterase enzyme forms a dimer,
with a loop from one subunit being involved in substrate
recognition in the active site of the other subunit. This
novel esterase 713 is a new representative of the
α/β hydrolase fold family of enzymes with several dis-
tinct features not previously observed.
Materials and methods
Protein purification and crystallisation
Recombinant esterase was crystallised from ammonium sulphate as
described previously [23]. Two crystal forms were obtained, the first
belonging to space group P212121 with unit-cell dimensions of
a = 58.5, b = 117.5, c = 132.2 Å. On cryocooling at 100K the unit cell
contracted to a = 57.1, b = 115.4, c = 130.4 Å. There is one dimer in
the asymmetric unit giving a Vm of 3.02. The second crystal form
belongs to space group C2 with unit-cell dimensions at 100K of
a = 134.7, b = 55.6, c = 110.2 Å, β = 125.1°.
X-ray data collection from orthorhombic crystals
Initial X-ray data were collected to 2.7 Å ‘in-house’ on a Siemans HiStar
area detector mounted on a Siemans rotating anode at room tempera-
ture. To avoid problems of native non-isomorphism, pieces of a single
crystal were used to collect both native and derivative data sets. Uranyl
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acetate data were collected to 2.4 Å, gold chloride data to 2.4 Å and
mercury acetate data to 2.4 Å under the same conditions. Heavy-atom
soaks were carried out in 10 mM Tris-HCl, 50% saturation ammonium
sulphate, pH 7.0 at room temperature. Data were integrated and
scaled using the SAINT software package [24].
High-resolution native data to 1.6 Å resolution were originally collected
on the orthorhombic crystal form and later 1.1 Å data were collected on
the monoclinic crystal form. Both data sets were collected at 100K on
station BW7B at the EMBL outstation at DESY, Hamburg. Data were
reduced and scaled using the programs DENZO and SCALEPACK
[25]. For the 1.1 Å data, 1,051,337 individual measurements were
reduced to 247,290 unique reflections with an overall Rsym of 9.4%
(Table 1). The data are 99.4% complete overall.
Esterase crystals of space group P212121 were soaked in a saturated
solution of IBA for 1 h at room temperature. X-ray data to 2.0 Å resolu-
tion were then collected at 100 K on station X11 at the EMBL outsta-
tion at DESY, Hamburg. Data were reduced and scaled using the
programs DENZO and SCALEPACK [25].
MIR phasing
The structure of esterase 713 was solved by multiple isomorphous
replacement (MIR) using ‘in-house’ data in the orthorhombic form. High-
occupancy uranium sites were located using the automated Patterson
interpretation routine of SHELX-90 [26]. Two uranium derivatives were
obtained using different soaking times. Although the occupancy of
major sites were similar, occupancies of the weaker sites were higher
for the longer soaking time. Weaker mercury acetate and gold tetra-
chloride sites were found using difference Fourier synthesis calculated
with uranium phases. The heavy-atom parameters were refined using
the program MLPHARE [27] to give an overall figure of merit to 2.7 Å of
0.49 (Table 2). The NCS operators were obtained from inspection of
the heavy-atom sites and allowed twofold averaging using the program
DM [28]. The preliminary model was used as a search model to find the
position of the molecule in the monoclinic cell. This allowed multicrystal
averaging to be applied using the program DMMULTI [28]. The density
modified map was of sufficient quality to allow tracing of most of the
polypeptide chain in both subunits using the program O [29].
Refinement and model validation
The model was refined using the program REFMAC [30]; 5% of the
reflections were randomly assigned to a test set for calculation of Rfree
[31]. Overall anisotropic scaling of data [32] was used throughout the
refinement. Bond and angle parameters were as described by Engh and
Huber [33]. Strict NCS restraints were applied during early rounds of
refinement and were gradually released during the course of refinement.
Rebuilding stages were carried out using the program O [29]. Higher
resolution data to 1.6 Å and finally 1.1 Å were used as they became
available. The refined lower resolution structures were used as a
search model for a molecular replacement conducted using the
program AMoRe [34]. Solvent molecules were added using ARP [35]
in restrained mode and validated manually and with the program
WODA (A. Teplyakov, personal communication). When 1.1 Å data
became available, anisotropic B-factor refinement was carried out
using REFMAC [36]. Sulphate ligands and multiple conformations of
sidechains were modelled in the final stages of the refinement. The
validity of the model was assessed using the program PROCHECK [9].
The details of the refined model are presented in Table 1. An example
of the final 2Fo–Fc electron-density map is presented in Figure 8.
The IBA complex structure
The structure of esterase 713 complexed with IBA was solved using the
native structure as a search model for molecular replacement with the
program AMoRe [34]. The 2Fo–Fc and Fo–Fc maps showed clear density
in the active-site binding region that was not accounted for by the native
protein (Figure 5a). A computer model of the ligand was built using the
programs QUANTA [37] and MULTI_HET [38]. This was then modelled
into the density map using the program O [29]. A dictionary of ligand para-
meters including connectivity, torsion angles and planarity within the mol-
ecule were generated using the program MAKEDICT [38]. This allowed
refinement of the protein−ligand model to be performed using REFMAC.
The iterative process of model adjustment and refinement was carried out
until there was no further improvement to the R factors. The final R factor
for the model is 19.4%, with a free R factor of 24.3% to 2.0 Å resolution.
Accession numbers 
The structure factors and refined coordinates of esterase 713 have
been deposited with the Brookhaven Protein Data Bank with the
accession code 1QLW.
150 Structure 2000, Vol 8 No 2
Table 2
Summary of phasing statistics.
U(OAc)2 U(OAc)2 KAuCl4 HgAc2
Resolution (Å) 2.7 2.7 3.7 3.7
Duration of soak 20 min 14 h 1 h 1 h
Sites 5 7 2 4
MFID* 17.2 17.4 12.7 12.8
Phasing power† 1.27 1.36 0.42 0.87
Rcullis‡ 0.68 0.66 0.90 0.74
FOM§ 0.49 0.49 0.49 0.49
*MFID is the mean fractional isomorphous difference,
ΣFP–FPH/ΣFP, where FP are the native structure factors and
FPH the derivative structure factors. †Phasing power is FH/E, where E is
the estimated lack of closure error. ‡Rcullis is the lack of closure
error/isomorphous difference and is quoted for centric reflections only.
§FOM is the overall figure of merit, defined as the estimated cosine of
phase error.
Figure 8
An example of electron density from the final 2Fo–Fc map contoured at
2σ around Trp142. This figure was generated with the program O [29]. 
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